
The locations of epidemics of arthropodborne vi-
ruses (arboviruses) are strongly associated with 

the distribution of their vectors. In general, the dis-
tribution of arboviruses can expand through the dis-
persal, transfer, and migration of their vector arthro-
pods and reservoir animals. Mosquitoes transmit a 
variety of viral pathogens (e.g., dengue, Zika, and 
chikungunya viruses) and have caused a number 
of arboviral epidemics throughout the world (1). 
Japanese encephalitis virus (JEV; family Flaviviridae, 
genus Flavivirus) is a mosquitoborne arbovirus that 
causes a severe form of encephalitis in humans. JEV 
is distributed across most of Asia, the western Pa-
cific, and northern Australia (2). The World Health 
Organization has estimated that the annual number 

of Japanese encephalitis cases worldwide exceeds 
60,000 (2). JEV is transmitted primarily by mosqui-
toes of the Culex vishnui subgroup, principally Cx. 
tritaeniorhynchus Giles; pigs and wading ardeid 
birds, such as egrets and herons, are known to be the 
major amplifying hosts (3).

On the basis of their genome sequences, JEVs are 
classified into 5 genotypes (4). JEV genotype I (GI), 
which has been further classified into subgenotypes 
GIa and GIb, and JEV GIII are the dominant lineages 
and have been detected widely throughout Asia. JEV 
GII is the third most common lineage and has been 
found in Indonesia, Singapore, South Korea, Malay-
sia, and Australia. JEV GIV and GV are rare lineag-
es; only a few viruses of these genotypes have been 
isolated from Indonesia, Malaysia, and China as of 
October 2019. Over the past 30 years, JEV GIa has 
displaced GIII as the dominant lineage in many coun-
tries of Asia (5). Although the origin and spreading 
pattern of JEV genotypes across the world have been 
investigated in some reports (6,7), the exact mecha-
nisms of JEV genotype shift remain unclear.

The Study
To study the epidemiology of arbovirus infection, 
we, an international team of researchers in Japan, 
Thailand, the Philippines, and Indonesia, conducted 
arbovirus surveillance in our respective countries 
during 2016–2018 with the support of our govern-
ments. In each country, we collected mosquitoes in 
and around cattle or pig housing using sweeping 
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During 2016–2018, we conducted surveillance for Japa-
nese encephalitis virus (JEV) in mosquitoes and pigs in 
Japan, Thailand, the Philippines, and Indonesia. Phylo-
genetic analyses demonstrated that our isolates (geno-
types Ia, Ib, III, IV) were related to JEV isolates obtained 
from the same regions many years ago. Indigenous JEV 
strains persist in Asia.
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nets and aspirators. We collected mosquitoes that 
had digested blood in their midguts. We identified 
their species and sorted them into pools, which we 
used for virus isolation. We also collected serum 
samples from pigs and wild boars from each country 
to use for virus isolation.

We passed homogenized mosquito or serum 
samples through 0.45-μm filters (Corning Inc., 
https://www.corning.com) and inoculated filtrates 
onto monolayers of 3 culture cell lines (mammalian 
cell lines Vero9013 and BHK-21 and mosquito cell 
line C6/36). We assessed cytopathic effect (CPE) 
daily and collected supernatants from cells that ex-
hibited CPE. If we observed no CPE, we passaged 
the cells 5 times for 7 days each, after which, if vi-
rus was present, CPE should have become appar-
ent. We extracted RNA from culture supernatants 
using the QIAamp Viral RNA Mini Kit (QIAGEN, 
https://www.qiagen.com) and subjected the result-
ing RNA to reverse transcription PCR (RT-PCR) us-
ing the QIAGEN One-Step RT-PCR Kit and 2 uni-
versal flavivirus-specific primer sets (MAMD and 
cFD2 or FU2 and cFD3) (8,9) to screen for flavivi-
ruses. To determine genome sequences, we used the 
QIAGEN One-Step RT-PCR Kit, TaKaRa LA RT-PCR 
Kit version 2.1 (Takara Bio, https://www.takarabio.
com), and Invitrogen 5′ RACE System for Rapid 
Amplification of cDNA Ends version 2.0 (https://
www.thermofisher.com) as needed in combination 
with several JEV-specific primers (Appendix Table 
1, https://wwwnc.cdc.gov/EID/article/26/1/19-
0235-App1.pdf).

Of 945 pig serum samples, we selected 56 candi-
date samples for virus isolation on the basis of their 
RT-PCR results with the MAMD and cFD2 primers, 
and from these samples, we obtained the full or par-
tial genome sequences of 5 JEV isolates (Appendix Ta-
ble 2). Out of a total of 22,277 mosquitoes comprising 
>16 species, we obtained the full or partial genome 
sequences of only 2 JEV isolates (Appendix Table 3). 
Overall, we obtained the full-genome sequence of 4 
of the 7 JEV isolates and the partial genome sequence 

(envelope gene) of the remaining 3 isolates (DDBJ ac-
cession nos. LC461956–62; Table).

A preliminary study we performed showed that 
many pigs in these countries possessed antibodies 
against JEV (K. Maeda, unpub. data). We found that 
JEV was more often isolated from serum samples 
from JEV antibody–negative pigs in farms where JEV 
seroprevalence was low. Because JEV isolation seems 
to be difficult in endemic regions, we suggest select-
ing younger pigs, which are less likely to be JEV an-
tibody positive, for virus isolation studies to increase 
the chances of success.

The 2 JEV isolates we recovered in Japan, JEV/
MQ/Yamaguchi/803/2016 and JEV/MQ/Yama-
guchi/804/2016, were GIa and not GIII. In a phy-
logenetic analysis, these viruses clustered with JEV 
isolates recovered from Japan (in 2013 and 2009), 
China (in 2007), and South Korea (in 2010) (Figure, 
panel A). The 2 viruses collected in Japan in 2016 
were most closely related to viruses recovered in 
2013 from the same site that had been sampled in 
our previous study (10), suggesting that this strain 
has been maintained in the Yamaguchi area of Japan 
since at least 2013.

The JEV isolate we obtained from Thailand, JEV/
sw/Thailand/185/2017, was GIb and clustered with 
other JEV isolates detected in Thailand during 1985–
2005 (11), as well as isolates from Myanmar in 2010, 
Cambodia in 2014 and 2015, and Singapore in 2014 
(Figure, panel B). Thus, these JEVs have been main-
tained in Thailand and other parts of the southern pen-
insula of continental Asia for >30 years.

JEV is distributed extensively throughout the Phil-
ippines (12). However, only 3 JEV GIII isolates from 
the Philippines (which were obtained from pigs during 
1984–1986) were available for genetic analysis. Our 2 
Philippines-derived JEV isolates, JEV/sw/Mindanao/
K3/2018 and JEV/sw/Mindanao/K4/2018, clustered 
with these isolates (Figure, panel C). Our 2 Indone-
sia JEV isolates, JEV/sw/Bali/93/2017 and JEV/sw/
Bali/94/2017, were obtained from the island of Bali, 
where a JEV vaccination program began in March 2018 
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Table. JEV isolates, Japan and Southeast Asia, 2016–2018* 

Virus isolate Country 
Province or city, 

island Source 
Collection 

date 
DDBJ 

accession no. 
JEV/MQ/Yamaguchi/803/2016 Japan Yamaguchi Culex tritaeniorhynchus mosquito 2016 Sep 8 LC461956† 
JEV/MQ/Yamaguchi/804/2016 Japan Yamaguchi C. tritaeniorhynchus mosquito 2016 Sep 8 LC461957‡ 
JEV/sw/Thailand/185/2017 Thailand Nakornnayok Pig serum sample 2017 Aug 14 LC461958‡ 
JEV/sw/Mindanao/K3/2018 The Philippines Butuan, Mindanao Pig serum sample 2018 Mar 9 LC461959† 
JEV/sw/Mindanao/K4/2018 The Philippines Butuan, Mindanao Pig serum sample 2018 Mar 9 LC461960‡ 
JEV/sw/Bali/93/2017 Indonesia Denpasar, Bali Pig serum sample 2017 Oct 17 LC461961‡ 
JEV/sw/Bali/94/2017 Indonesia Denpasar, Bali Pig serum sample 2017 Oct 17 LC461962† 
*JEV, Japanese encephalitis virus. 
†Envelope gene sequence. 
‡Full-genome sequence. 
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(13). These JEV isolates clustered with other Indonesia 
isolates obtained in the 1980s (Figure, panel C) (14).

Conclusions
In summary, our phylogenetic analysis revealed that 
the JEV isolates we obtained from Japan were GIa, the 
isolate from Thailand was GIb, the isolates from the 
Philippines were GIII, and the isolates from Indone-
sia were GIV (Figure, panels A–D; Appendix Figure). 
These results indicated that JEV GIII and GIV are still 
active and being maintained in parts of Asia.

Our data demonstrate that a number of the JEV iso-
lates we obtained in select countries of Southeast Asia 

during 2016–2018 were phylogenetically related to iso-
lates reported in the same country in the 1980s, suggest-
ing that some JEV strains have been maintained in their 
corresponding regions. Contrary to our expectation, the 
JEV transmission cycle seems to have been maintained 
indigenously. JEV strains are presumed to be trans-
ferred between JEV-endemic regions by movement of 
arthropod vectors and bird reservoirs. Nonetheless, 
we infer that fixation of an invading JEV strain into a 
new region is difficult unless the new strain possesses 
properties advantageous for virus growth and expan-
sion (15). However, the genotype shift from GIII to GIa 
has occurred in East Asia since the 1990s, indicating that 
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Figure. Maximum-likelihood phylogeny of JEV isolates, Japan and Southeast Asia, 2016–2018 (circles), and reference isolates 
constructed on the basis of the envelope gene sequence (1,500 nt). A) Genotype Ia (GIa); B) genotype GIb; C) genotypes GIII and 
GIV. Tree sections were reconstructed by using MEGA6 (https://megasoftware.net) with 100 bootstraps under the general time- 
reversible model. JEVs isolated in Japan (blue), Thailand (green), the Philippines (yellow), and Indonesia (maroon) are indicated. 
Origin, year, and country of isolation are provided in parentheses. bo, bovine; eq, equine; hu, human; JEV, Japanese encephalitis 
virus; MQ, mosquito; NA, data not available; sw, swine; wb, wild boar. An expanded version of this figure showing the parent tree 
for the phylogenetic tree sections, along with DDBJ and GenBank accession numbers, is available (https://wwwnc.cdc.gov/EID/
article/26/1/19-0235-F1.htm).
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GIa must have had some sort of growth advantage over 
GIII that permitted its spreading to and expansion in 
these countries. Our findings that JEV strain invasion in 
Asia is infrequent could assist in public health decision-
making regarding vaccine formulation and campaign 
strategies.
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Appendix 

 Appendix Table 1. List of primers for JEV* 

Primer name Sequence Sense/Antisense 

JEV136F 5- ATCAATATGCTGAAACGCGG 3 Sense 

JEV197R 5- ACTACCCTCTTCACTCCCAC 3 Antisense 

JEV541F 5- GTCATCGTGATCCCCACCTC 3 Sense 

JEV898F 5- CTTGGMTGGATGCTTGGCAG 3 Sense 

JEV922R 5- TGTTGCTGCCAAGCATCCA 3 Antisense 

JEV980R 5- AAACTGTATGCCGGAGCGACC 3 Antisense 

JEV1306F 5- AAAGGAAGCATTGACACATG 3 Sense 

JEV1684F 5- AGAGAACTTCTCATGGAATTTG 3 Sense 

JEV2335F 5- TTTGGTGGAATGTCCTGGAT 3 Sense 

JEV3135R 5- CTCTCCGAAGACDGCCCTCTCAAG 3 Antisense 

JEV3635F 5- TTCCTGCGGTTTTGGGGGCCCT 3 Sense 

JEV3689R 5- GTGTAAGTGATGCCCCCAAGCATCAG 3 Antisense 

JEV4330F 5- ATGGCAGTGTCTTACGTGGT 3 Sense 

JEV5035F 5- AATGGAGACATCATAGGC 3 Sense 

JEV5026F 5- CTGGACTCCAATGGAGACAT 3 Sense 

JEV5950F 5- TCTCCCATAACCAGTGCAAG 3 Sense 

JEV6113R 5- GGCATGTGTATGTTGTCTA 3 Antisense 

JEV7115R 5- GATGTGGTCACGTATTC 3 Antisense 

JEV7381F 5- ACTGATGTGCCYGAACTGGAAAG 3 Sense 

JEV7670R 5- AAGGAGGGCTTGTCAGCYTTCTT 3 Antisense 

JEV7930F 5- GGAGGCTGGAGCTACTACGC 3 Sense 

JEV8689F 5- GCCAATGTCACCACAATGGC 3 Sense 

JEV9454F 5- ATGGACGTGATATCAAGAGAAGA 3 Sense 

JEV10490R 5- GTCTACCCAGTATCCGGTGG 3 Antisense 

JEV10527F 5- GACTGGGTTAACAAATCTGACAA 3 Sense 

https://doi.org/10.3201/eid2601.190235
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Primer name Sequence Sense/Antisense 

JEV10564F 5- CCTCAGAACCGTCTCGGAAG 3 Sense 

JEV10970R 5- AGATCCTGTGTTCTTCCTCACCA 3 Antisense 

MAMD† 5- AACATGATGGGRAARAGRGARAA 3 Sense 

cFD2‡ 5- GTGTCCCAGCCGGCGGTGTCATCAGC 3 Antisense 

*JEV, Japanese encephalitis virus. 

†Obtained from Scaramozzino et al. (1). 

‡Obtained from Kuno et al. (2). 

 

 

Appendix Table 2. Information on pig sera used for the isolation of JEV in this study* 

Site of sample collection Month of sample collection 

No. of tested Isolates 

of JEV RT-PCR Isolation 

Thailand  

Nakorn Nayok May-August 2017 100 20 1 

Prachinburi July 2017 100   

Sakon Nakhon August 2017 51 12 0 

Lop Buri August 2017 40   

Saraburi August 2017 60   

Tak February 2018 256 7 0 

Ratchaburi February 2018 122   

The Philippines  

Butuan, Agusan del Norte March 2018 56 12 2 

Santo Tomas, Davao del Norte March 2018 12   

Tagum, Davao del Norte March 2018 6   

Digos, Davao del Sur March 2018 11   

Indonesia  

Bengkulu, Sumatera (wild boar) May 2017 26   

Denpasar, Bali October 2017 105 5 2 

Total  945 56 5 

*JEV, Japanese encephalitis virus; RT-PCR, reverse transcription PCR. 
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Appendix Table 3. Information on mosquitoes used for the isolation of Japanese encephalitis virus in this study 

Site (place, month/year) 

Culex 

tritaeniorhynchus 

Cx. 

pseudovishnui 

Cx. 

vishnui 

Cx. 

quinquefasciatus 

Cx. 

pipiens 

pallens 

Cx. 

gelidus 

Cx. 

hutchinsoni 

Cx. 

fscocephala 

Cules 

sp. 

Anopheles 

sinensis 

A. 

vagus 

A. 

campestris 

Anopheles 

sp. 

Aedes 

albopictus 

Ae. 

vexans 

Ae. 

japonicus 

Armigeres 

sublbatus 

Mansonia 

uniformis 

Yamaguchi, Japan 

(cowshed, 2014 total) 

3457*   29     770    7 3 15 9  

Yamaguchi, Japan 

(cowshed, 2015 total) 

1701 477   56     1323    33 12 6   

Yamaguchi, Japan 

(cowshed, 2016 total) 

7218† 822   36     1424    33 11 1   

Khlong Luang, Thailand 

(cowshed, Nov 2015) 

635  47   608      2 160 2   1 8 

Thanyaburi, Thailand 

(pigpen, Sep 2016) 

1121  78 59  1180     18       13 

Mindanao, the Philippines 

(cowshed, Jul 2015) 

63  13   21 3 3   5        

Mindanao, the Philippines 

(cowshed, Mar 2017) 

176  63  61 41  74 4          

Bogor, Indonesia 

(cowshed, Oct 2015) 

2   10         3    4  

Bogor, Indonesia 

(cowshed, Jun 2016) 

24  28 1  22 13  32  96  2 6   6  

Bogor, Indonesia 

(cowshed, Nov 2016) 

73     19 5    26      5  

Total 14470 1299 229 70 182 1891 21 77 36 3517 143 2 165 81 26 22 25 21 
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Site (place, month/year) 

Culex 

tritaeniorhynchus 

Cx. 

pseudovishnui 

Cx. 

vishnui 

Cx. 

quinquefasciatus 

Cx. 

pipiens 

pallens 

Cx. 

gelidus 

Cx. 

hutchinsoni 

Cx. 

fscocephala 

Cules 

sp. 

Anopheles 

sinensis 

A. 

vagus 

A. 

campestris 

Anopheles 

sp. 

Aedes 

albopictus 

Ae. 

vexans 

Ae. 

japonicus 

Armigeres 

sublbatus 

Mansonia 

uniformis 

*The number of Cx. tritaeniorhynchus and Cx. pseudovishnui were mixed. 

†Two Japanese encephalitis virus isolates were obtained. 
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Appendix Figure. Maximum-likelihood phylogeny of 1143 strains of Japanese encephalitis virus (JEV) 

based on the envelope (E) gene sequences (1500 nt from each viral genome). The tree was 

reconstructed using MEGA6 with 50 bootstraps under the generalized time reversible model. In this tree, 

blue, green, yellow, and purple indicate the JEV strains that were isolated from Japan, Thailand, the 

Philippines, and Indonesia, respectively. Arrows indicate the JEV strains obtained in the present study. 
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This analysis revealed that the new JEVs isolated from Japan, Thailand, the Philippines, and Indonesia 

belong to GI-a, GI-b, GIII, and GIV, respectively. Origin, year, and country for each JEV strain are 

provided in parentheses. bo, bovine; eq, equine; hu, human; G, genotype; MQ, mosquito; NA, data not 

available; sw, swine; wb, wild boar. 
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